In this study, we investigated the performance of an osmotic membrane bioreactor (OMBR) enabled by a novel biomimetic aquaporin forward osmosis (FO) membrane. Membrane performance and removal of 30 trace organic contaminants (TrOCs) were examined. Results show that the aquaporin FO membrane had better transport properties in comparison with conventional cellulose triacetate and polyamide thinfilm composite FO membranes. In particular, the aquaporin FO membrane exhibited much lower salt permeability and thus smaller reverse salt flux, resulting in a less severe salinity build-up in the bioreactor during OMBR operation. During OMBR operation, the aquaporin FO membrane well complemented biological treatment for stable and excellent contaminant removal. All 30 TrOCs selected here were removed by over 85% regardless of their diverse properties. Such high and stable contaminant removal over OMBR operation also indicates the stability and compatibility of the aquaporin FO membrane in combination with activated sludge treatment.
Introduction 36
Membrane bioreactors (MBRs), which integrate physical membrane separation 37 process, such as microfiltration (MF) and ultrafiltration (UF), with conventional 38 activated sludge (CAS) treatment, have been widely deployed for wastewater 39 treatment and reuse. Compared to CAS treatment, MBRs have several advantages, 40
including better effluent quality, lower sludge production, smaller footprint, and easier 41 operation and maintenance (Huang & Lee, 2015) . For wastewater reuse that requires 42 high water quality, further treatment, for example, by nanofiltration, reverse osmosis 43 (RO), and advanced oxidation, is still necessary (Elimelech, 2006 
Materials and methods 102

Synthetic wastewater and trace organic contaminants 103
A synthetic wastewater was used as the OMBR influent. This synthetic wastewater 104 was prepared daily and consisted of 100 mg/L glucose, 100 mg/L peptone, 17.5 mg/L 105 KH 2 PO 4 , 17.5 mg/L MgSO 4 , 17.5 mg/L CaCl 2 , 10 mg/L FeSO 4 , 225 mg/L 106 CH 3 COONa, and 35 mg/L urea. Key physicochemical properties of the synthetic 107 wastewater were determined every three days. In particular, the synthetic wastewater 108 contained 111.3 ± 13 mg/L total organic carbon (TOC), 6.4 ± 0.9 mg/L total nitrogen 109 (TN), 4.1 ± 0.45 mg/L ammonium nitrogen (NH 4 + ), and 10.9 ± 2.5 mg/L phosphate 110 (PO 4
3-
). The electrical conductivity and pH of this synthetic wastewater were 321 ± 15 111 µS/cm and 6.2 ± 0.3, respectively. 112 A set of 30 TrOCs were selected to represent emerging chemicals of significant 113 concern that ubiquitously present in municipal wastewater. A stock solution 114 containing 25 µg/mL of each of TrOCs was prepared in pure methanol and stored at 115 -18 °C in the dark. The stock solution was introduced daily to the synthetic 116 wastewater to obtain a concentration of 5 µg/L of each compound.
6
A flat-sheet aquaporin FO membrane obtained from Aquaporin Asia, Singapore was 119 used in this study. The biomimetic FO membrane was fabricated via interfacial 120 polymerization with embedded aquaporin proteins vesicles into a polyamide selective 121 layer supported by a porous polysulfone supporting layer (Madsen et al., 2015) . 122
Conventional CTA and TFC FO membranes obtained from Hydration Technology 123 Innovation (Albany, OR) were also used in this study as benchmarks. The CTA 124 membrane was fabricated via phase inversion and composed of a cellulose triacetate 125 layer with an embedded woven supporting mesh. The TFC membrane was made by 126 interfacial polymerization with a thin, selective polyamide active layer on the top of a 127 porous polysulfone supporting layer (Cath et al., 2013) . 128
Osmotic membrane bioreactor 129
A lab-scale, submerged OMBR system was used ( (1) 181
(2) 182
where J RO 
where π p and π b was the feed and permeate osmotic pressure (bar), respectively. where l is the supporting layer thickness, τ is the supporting layer tortuosity, and ɛ is Membrane S value was experimentally determined using a cross-flow FO system with 196 0.5 M NaCl draw solution and deionized water feed in this study. Water flux (J FO ) was 197 recorded after stabilizing the system for two hours for S value calculation based on the 198 following equation: 199
where D s was the draw solute diffusivity (m 2 /s); π D,b was the draw solution osmotic 201 pressure (bar); and π F,m was the osmotic pressure at the membrane surface on the feed 202 side (zero for deionized water feed). 203
Membrane surface charge, morphology, and hydrophobicity 204
Membrane surface charge was measured by a SurPASS electrokinetic analyzer (Anton 205
Paar CmbH, Graz, Austria). Zeta potential of the membrane surface was calculated 206 from the measured streaming potential using the Fairbrother-Maastin approach 207 (Elimelech et al., 1994) . All streaming potential measurements were performed in a 208 background electrolyte solution (i.e. 10 mM KCl). The background solution was also 209 used to completely flush the cell before pH titration using either 0.5 M hydrochloric 210 acid or 0.5 M potassium hydroxide. 211 A scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy 212 (EDS) (JCM-6000, JEOL, Tokyo, Japan) was used to characterize the membrane 213 surface morphology and elementary composition. Prior to the SEM measurement, 214 air-dried membrane samples were coated with an ultra-thin layer of gold using a 215 sputter coater (SPI Module, West Chester, PA). 216 
where C Sup was the TrOC concentration measured in the mixed liquor supernatant; 250 V Bio was the effective bioreactor volume; and ∆V FO was the volume of water 251 permeated through the FO membrane between time t and t-∆t, which was equal to the 252 volume of wastewater fed into the bioreactor (∆V). 253
Based on eqs. (7) and (8) Moreover, in this study, routine approach was used in OMBR operation where 309 continuous aeration required for sludge growth and metabolism could produce air 310 bubbles to alleviate the formation and attachment of cake layer on the membrane 311 surface. However, a patchy and thin fouling layer, mainly consisted of carbon, 312 nitrogen, oxygen, and sulfur, was observed on the aquaporin membrane surface at the 313 conclusion of OMBR operation. More significant fouling was formed in the upper 314 region of the membrane, where air bubbling was weakened by passing through the 315 mixed liquor (Braak et al., 2011) . 316
Removal of bulk organic matter and nutrients 317
By coupling biological treatment with highly selective aquaporin FO membrane, 318 OMBR could effectively remove organic matter and nutrients (Fig. 3) . Despite 319 salinity build-up in the bioreactor (Fig. 2) , biological treatment was stable during 320 OMBR operation, as indicated by negligible TOC and NH 4 + concentrations in the 321 mixed liquor (Fig. 3A&B) . Moreover, the MLSS concentration and the specific 322 oxygen uptake rate of activated sludge were relatively constant in OMBR operation, considerably in the mixed liquor, with negligible permeation into the draw solution
Removal of trace organic contaminants 353
All 30 TrOCs investigated in this study could be effectively removed (>85%) by 354 OMBR (Fig. 4) , due to the complementarity of biological treatment and highly 355 selective aquaporin FO membrane. As shown in Fig. 4, biological FO membrane should be able to make more contribution than these two conventional 395
FO membranes to increase the removal of hydrophilic and biologically recalcitrant 396
TrOCs in OMBR given its higher solute rejection capacity (Table 1) APHA-AWWA-WEF. 9780875530475, 0875530478.
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